After the discovery of carbon nanotubes (CNTs), a vast research is conducted on their application because of their unique mechanical and electronic properties. The comprehensive intention of this study is to propose a robust mathematical model to select the most suitable form of CNT in mechanical engineering application. One unique aspect of CNTs is that they exhibit different values for a mechanical property with maximum and minimum limits. For this reason the rating of the alternatives is in the form of interval values with respect to the criteria. The alternatives are the different forms of CNTs available that are used for mechanical engineering purposes, whereas the criteria are the different mechanical properties. Hence, selection of the most suitable CNT is a multi-criteria decision making (MCDM) problem AHP coupled multi-criteria decision making approach 225 under grey environment. Analytical hierarchy process (AHP) coupled with complex proportional assessment (COPRAS) and a technique for order preference by similarity to ideal solution (TOPSIS) method is proposed for the selection under grey environment. In order to test the robustness of the model, a sensitivity analysis for the proposed model is conducted.
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Introduction

Carbon nanotubes (CNTs)
The discovery and synthesis of carbon nanotubes (CNTs) have stimulated a broad area of research for their possible application because of their unique mechanical and electronic properties. CNTs have high tensile strength and low weight (tensile modules ~ 1 TPa) (Treachy et al., 1996) and also act as a good heat conductor [multi-wall carbon nanotube (MWCNTs) bundles have a heat conductivity of the order of ~ 2,000 W/mK (Ruoff and Lorents, 1995) ]. They could be either metallic or semiconducting, depending on their helicity and diameter (Saito et al., 1992; Hamada et al., 1992) . One of the most intriguing properties of single-wall carbon nanotubes (SWCNTs) is the high room temperature mobility of semiconducting SWCNTs. The value of mobility is more than the mobility of crystalline Si (Bethunge et al., 1993; Iijima and Ichihashi, 1993) . Due to the presence of large surface area adsorption of hydrogen or other gases readily occurs [H 2 can be stored on 98 wt/% pure SWCNTs (Liu et al., 1993; Dillon et al., 1997) ]. Due to high aspect ratio of the CNTs and nanometre size tips, they can to emit cold electrons at relatively low voltages (Rinzler et al., 1995) . CNTs also have thermal stability at 14,000 C in a vacuum (Iijima, 2002) . For all of these reasons, CNTs have great aspects for application in field-emitters for flat-panel field-emission displays (Choi et al., 1998) and vacuum microelectronic devices such as microwave power amplifier tubes (Tans et al., 1998) , field-effect nano-transistors (FETs), nano-Schottky diodes, ion storage batteries and mechanical structures (composite materials) requiring low weight and high strength.
Decision making
Definition 1.2(a) Decision is defined as the final submission or the conclusion reached after consideration. Definition 1.2(b) In cognitive science, selection of an action or a belief from a set of alternatives is called decision making.
Selecting an action from a set of alternatives by considering various criteria affecting the judgment either to the same or different extent is called multi-criteria decision making (MCDM). In MCDM, set of alternatives are the available possibilities or the choices from which the best possibility is to be selected by considering different factors influencing the outcome. Ranking of the alternatives is done in ascending order starting from the best to the worst alternative. The alternatives are ranked in on the basis of some factors influencing the results. These factors are called criteria. In MCDM, there are a number of criteria; each criterion affects the final judgment either to the same or different extent.
In the absence of deterministic values where the best and the worst possible outcomes for the alternatives are known then analysis of such type is called grey analysis. The decision-making for choosing the best alternative considering various criteria in the presence of grey data is a case of MCDM in grey environment. Steps involved for solving such type of MCDM problems are shown in Figure 1 . 
Motivations
Although many researchers and scientists have worked and applied grey relational analysis in the field of decision making, its application for selecting the most suitable form of CNT for mechanical engineering application is very rare. After the discovery of the modern marvel named CNT, its application in the field of mechanical engineering is always a topic of much research interest. With the passage of time many different forms of CNTs have been developed. Out of all the different forms, selection of the most suitable form of CNT in mechanical engineering application is a problem of MCDM. The comprehensive intention of the study is to propose a robust mathematical model to select the most suitable form of CNT in mechanical engineering application. Since the ratings of the alternatives are in the form of grey numbers, algorithms are proposed that integrate MCDM methods with grey analysis.
Novelties
Some of the other developments that are done in this paper are as follows:
• The most suitable form of CNTs is selected by amalgamating the analytical hierarchy process (AHP) with complex proportional assessment (COPRAS) and technique for order preference by similarity to ideal solution (TOPSIS) in grey environment.
• The ratings for the alternatives with respect to criteria are in the form of grey numbers, i.e., the lower limit of the interval is the minimum value whereas upper limit is the maximum value for the mechanical property of CNTs.
• The results obtained by the different MCDM methods are compared.
• In order to understand the effect of weights on the result obtained by hybrid MCDM in grey environment, a sensitivity analysis is carried out.
• For confirming the final decision validation of the result is carried out.
Literature survey
Over time the MCDM method has been evolved as a highly prioritised tool of modern decision making science (Hussain et al., 2018) . With the evolution in decision making science, MCDM has found its thriving application in areas such as pattern recognition (Mahdipoor, 2006) , material selection (Chauhan and Vaish, 2012; Cicek and Celik, 2010; Hussain et al., 2016 Hussain et al., , 2017 , supplier selection (Gurung and Phipon, 2016; Ho et al., 2010; Weber et al., 1991) , site selection (Daim et al., 2013; Fadlalla and Elsheikh, 2017; Bahrani et al., 2016) and so on.
Material selection is an important factor for a product to succeed in the competition in market because improper material selection may result in failure to fulfil customer and manufacturer requirements (Karande and Chakraborty, 2012) . The goal of material selection is to select that material which gives maximum performance with minimum cost . With increasing choice of materials and large number of manufacturing processes available to the designers, the selection of the most suitable material has become more complex and more challenging than before (Rao and Patel, 2010) . Different academicians used different approaches for material selection. In Chatterjee and Chakraborty (2012) , material selection is done by integrating COPRAS method with grey number and the result obtained is compared with the results from other similar literatures. In order to simplify the selection process of material, academicians amalgamated the COPRAS method with coefficient of variation method which helps in computing the weights of the criteria (Xia et al., 2015) . The decision making process is further simplified for material selection by integrating the decision making method with relative entropy method (Chao, 2015) . TOPSIS is one of the most preferred MCDM methods in material selection. TOPSIS is used for selecting material where the different mechanical properties are the criteria. In such cases entropy method is applied to compute the relative weights of the criteria (Huang, 2014) . Due to inadequacy in available data, decision makers use fuzzy logic for material selection (Mayyas et al., 2016) . If materials have an environmental impact on the product life cycle, environmental factor is also considered as a criterion for material selection. In such cases, decision-making index system is proposed by integrating grey relation analysis (GRA) with AHP (Cao et al., 2006) . Zhang et al. (2017) presented a hybrid approach where GRA is integrated with TOPSIS method to develop a sustainable decision making method for green material selection.
From the literature reviewed, it can be concluded that COPRAS and TOPSIS are the best MCDM methods for material selection. In a scenario where the best and worst possible values for the alternatives with respect to criteria are available, integrating the MCDM approach with grey analysis is mostly preferred for material selection.
Proposed algorithm
Analytical hierarchy process
AHP is one of many MCDM methods that was introduced by Prof. Thomas L. Saaty. It is a method to derive relative weights from pairwise comparisons. The input can be obtained from actual measurement or from subjective opinion such as good, bad and very bad. As the input of AHP is derived from subjective opinion, hence, some inconsistency in the judgment is allowed because humans may not always be consistent. The relative weightages are derived from the principal eigen vectors and the consistency index is derived from the principal eigen value. Steps for solving the AHP are as follows:
Step 1 Creation of the comparison matrix according to the Saaty scale 
where x ij indicates the importance of the criterion C i when compared to C j . The values of the x ij are denoted as given in Table 1 . The value of x ii is always equal to 1 as the criterion C i is equally important to the criterion C i . considering that the value of x 24 is 3, i.e., If criterion 2 is moderately important to the criterion 4 then the value x 42 is given as 1/3.
Step 2 Calculation of sum of each column of the comparison matrix (S) jcolumn . , ( 1, 2, 3, ..., ) ( )
where η ij is the element of the normalised comparison matrix, when the elements of the comparison matrix is divided by the sum of the column of the comparison matrix.
Step 4 Calculation of the weights q i .
q j is the weight of the i th criterion when evaluated using AHP method. Zavadskas et al. (1994) presented the COPRAS method which is a reference ranking method for ranking different alternatives. The COPRAS method considers the performance of the alternatives with respect to different criteria. This method selects the best decision considering both the ideal-best and the ideal-worst solutions. Zavadskas et al. (2008) presented the main ideas of complex proportional assessment method with grey interval numbers (COPRAS-G) method. The idea of COPRAS-G method with criterion values expressed in intervals is based on the real conditions of decision making and applications of the grey systems theory (Deng, 1982 (Deng, , 1988 . The COPRAS-G method uses a stepwise ranking and evaluating procedure of the alternatives in terms of significance and utility degree. Grey analysis is typically used in a scenario where the deterministic knowledge is not available but only the best possible and the worst possible outcomes are known. Steps for solving the COPRAS-G are as follows:
COPRAS in grey environment
Step 1 Creating the decision matrix considering both the pessimistic and optimistic values.
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where (i = 1, 2, 3, …, m, j = 1, 2, 3, …, n).
Step 2 Calculation of sum of white and black number in column wise. Step 4 Calculation on weighted normalised decision matrix.
Step 5 Calculation of the sum of weighted normalised elements for the benefit (P i ) and the non-benefit (R i ) criteria. Step 7 Ordering of the alternatives.
The alternatives are arranged in descending order according to the value of Q i .
Step 8 Ranking of the alternatives.
The highest ordered alternative in the preference order is ranked 1st and the lowest ordered alternative is ranked the last.
TOPSIS in grey environment
TOPSIS was developed by Hwang and Yoon in 1981. The main idea of TOPSIS is to find the best alternatives by minimising the distance to the positive-ideal solution and maximising the distance to the negative-ideal solution (Jahanshahloo et al., 2006) . All alternative solutions can be ranked according to their closeness to the ideal solution, i.e., the closest alternative to the ideal solution is the best solution and the least close alternative to the ideal solution is the worst solution. Steps for ranking alternatives by TOPSIS method is as follows:
Step 1 Calculation of normalised decision matrix 
∑
Step 2 Calculation of weighted normalise decision matrix.
Step 3 Calculation of positive ideal solution (P is ) and negative ideal solution (N is ). 
Step 4 Calculation of separation measures m S + or P is and m S − for N is .
Separation measures are measured using Euclidean distance method.
Step 5 Step 6 Ordering of the alternatives.
The alternatives are arranged in descending order according to the value of RC is .
Step 7 Ranking of the alternatives.
Application of the proposed algorithm
The problem
The hybrid AHP-COPRAS and TOPSIS method is applied to select the best type of CNT which can be used for mechanical application. The different types of CNT will be ranked on the basis of the Young's modulus, tensile strength, elongation at break and the cost of procuring the material. CNTs used in nano electro mechanical systems (NEMS) through the successful demonstrations on high frequency oscillators and rotational actuators (Fennimore et al., 2003) , nanometre tweezers (Kim and Lieber, 1999) and nanometre cargoes (Barreiro et al., 2008) . CNTs are also used in ultimate mechanical resonators for studying mechanical motion in quantum regime. In order to select the CNT best suitable for the mechanical application as mentioned above on the basis of different criteria are: 1 Young's modulus (TPa), high value is desirable 2 tensile strength (GPa), high value is desirable 3 elongation at break (%), high value is desirable 4 cost of procuring ($/g), low value is desirable. Table 2 is the decision matrix for evaluating different alternatives on the basis of different criteria. 
Steps involved for selection of CNT under grey environment
Figure 2
Steps for material selection (see online version for colours)
Solution of the problem
Determination of weightage of criteria
For determination of the weights of the criteria selected AHP is used. The pairwise comparison matrix among different criteria is shown below in Table 3 . Calculation on weighted normalised decision matrix: Calculation of the sum of weighted normalised elements for the benefit (P i ) and the non-benefit (R i ) criteria: 
Ordering of the alternatives: f sign denotes that the succeeding alternative is mostly preferred than the preceding alternative.
Ranking of the alternatives: A 1 = 1, A 5 = 2, A 2 = 3, A 4 = 4, A 3 = 5.
Ranking by TOPSIS
Calculation of normalised decision matrix for both the pessimistic and optimistic values: Calculation on weighted normalised decision matrix: Calculation of positive ideal solution (P is ) and negative ideal solution (N is ): Ordering of the alternatives: f sign denotes that the succeeding alternative is mostly preferred than the preceding alternative. 
Result and discussions
Sensitivity analysis and validation
Sensitivity analysis is done to understand how the weights of each criterion are affecting the relative weight of the alternatives and their rank. The sensitivity analysis is done by exchanging weights of two criteria keeping the rest unchanged. In the problem, there are four criteria on the basis of which alternatives are ranked. Hence, in total we get about seven combinations including the one without altering the weights. The detailed evaluation shows the variation in ranks due to manipulation of weights. Relative weights Table 15 , we have arrived to a contradictory situation. Alternative 1 and alternative 3 are ranked first by hybrid AHP-COPRAS and hybrid AHP-TOPSIS respectively, whereas, alternatives 3 and 1 are ranked last by hybrid AHP-COPRAS and hybrid AHP-TOPSIS respectively. Hence, a decision maker is at a dilemma of choosing the best alternative. In order to break this dilemma validation of the result is necessary. This dilemma is cleared by running the proposed algorithm with manipulating weights. From Tables 16, 17 and 18, it is observed that the alternatives 3, 1 and 5 are mostly preferred for seven, four and three trials out of the total 14 trials, i.e., about 50%, 28.57% and 21.43% of the times. Hence, the result of problem is validated by solving the problem with manipulated weights and for 50% of time alternative 3 emerges as the best option. 
Discussions
In this paper, we have studied the application of concept of hybrid AHP-based MCDM technique in grey environment for solving the application problem of CNT in mechanical engineering. From the study the following points are observed:
1 CNT does not show the same value of mechanical property at all times, instead the value ranges between the minimum limit to maximum limit.
2 The five alternatives are the five different types of CNTs.
3 The criteria are the mechanical properties of the CNT along with the cost. The mechanical properties are selected because on the basis of these properties, the best form of CNT will be selected in mechanical engineering application. Cost of procuring also plays an important role in selection of CNT, as high cost may decrease the selection of a particular material.
4 In the proposed algorithm, the weight factors are calculated using the AHP. The comparison wise matrix is created using the expert opinion in the domain of CNT and mechanical engineering.
5 As the maximum and minimum values for a criterion are known, hence, the selection of the suitable CNT is a MCDM problem in grey environment, i.e., in an uncertain environment. A problem in grey environment do not gives the optimal solution instead it helps in finding a suitable solution by compromising both the optimistic and pessimistic case.
6 For testing the robustness of the proposed algorithm sensitivity analysis as well as validation is conducted.
7 From Tables 16, 17 and 18, it is observed that the alternative number 3 for more than 50% of the trials is ranked first. Hence, it is validated the alternative number 3 is the most suitable solution.
Conclusions
This paper presents the application COPRAS and TOPSIS method for selection of the most suitable form of CNT in the grey environment. The paper also presents a way to come to a common decision when both the MCDM methods end up giving different answers. The COPRAS method depend directly on the significance and the utility degree of the alternatives in the presence of mutually conflicting criteria, whereas, the TOPSIS method takes into account the concept of a displaced ideal point from which the compromise solution has the shortest distance.
According to the COPRAS and TOPSIS method single wall nanotube and zig-zag single wall nanotube are the most suitable types of CNTs for application in mechanical engineering respectively. Alternative number 3, i.e., zigzag single wall nanotube, is preferred for about 50% of the trials. Hence, it is validated the alternative number 3 is the most suitable solution.
Although hybrid AHP-based MCDM can be used for selecting the most suitable form of material in grey environment different methods may show different results. Hence, a validation of the result becomes necessary for making the decision. Therefore, we can conclude that in grey environment, the result obtained from hybrid MCDM methods can be confirmed only after validating the decision.
